Aspergillus fumigatus is a saprophytic fungus that causes a range of diseases in humans including invasive aspergillosis. All forms of disease begin with the inhalation of conidia which germinate and develop. Four stages of early development were evaluated using the gel free system of isobaric tagging for relative and absolute quantitation (iTRAQ) to determine the full proteomic profile of the pathogen. A total of 461 proteins were identified at 0, 4, 8, and 16 hours and fold changes for each were established. Ten proteins including the hydrophobin rodlet protein RodA and a protein involved in melanin synthesis Abr2 were found to decrease relative to conidia. To generate a more comprehensive view of early development, a whole genome microarray analysis was performed comparing conidia to 8 and 16 hours of growth. A total of 1871 genes were found to change significantly at 8 hours with 1001 genes upregulated and 870 down-regulated. At 16 hours, 1235 genes changed significantly with 855 up-regulated and 380 down-regulated.
Introduction
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Scientific Company, Portsmouth, NH) and hybridization chamber with an increased depth (Corning, Lowell, MA).
(iii) Image Acquisition and Data Analysis
All slides were scanned using an Axon Instruments model 4000B (Molecular Devices, Sunnydale, CA) with each channel being scanned individually. All scans used a 10μm resolution and were converted into a resolution of 16 bits/pixel. All scanned images were then analyzed using the GenePix Pro 6.1 software. After global normalization in GenePix Pro, SAM analysis was performed on all data using TM4 software [24] . The remaining data was then filtered by taking the mean of all data points for that spot (3 replicates with dye swap) and any gene with an expression value ≥2 was considered significant.
(iv) Biological Theme Determinations
Identification of biological themes that were over-represented was determined using the 
MALDI-TOF/TOF tandem MS analysis
The peptides were analyzed on an ABI 4800 Plus MALDI TOF/TOF Analyzer with 4000 series explorer software (version 3.5.3) in a data-dependent fashion using a job-wide interpretation method. MS spectra (m/z 800-3,600) were acquired in positive ion reflection mode with internal mass calibration. A total of 1,000 laser shots were accumulated for each spot. A maximum of fifteen most intense ions (S/N ≥5 0) per spot were selected for succeeding MS/MS analysis in 2.0 keV mode using air as a CID gas at pressure of 1x10 -6 Torr. A total of 4,000 laser shots were accumulated for each spectrum. could be established at greater than 95.0% probability as specified by the Peptide Prophet algorithm [28] . Protein identifications were accepted if they could be established at greater than 99.0% probability and contained at least 2 identified peptides. False discovery rate was calculated and was 5.3% at the peptide level and 0.0% at the protein level [29] . Protein probabilities were assigned by the Protein Prophet algorithm [30] . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Protein database search and bioinformatics
TS2Mascot
Peptides were quantitated using the centroided reporter ion peak intensity. Intra-sample channels were normalized based on the median ratio for each channel across all proteins. Multiple isobaric tag samples were normalized by comparing the median protein ratios for the reference channel. Protein quantitative values were derived from only uniquely assigned peptides. The minimum quantitative value for each spectrum was calculated as 5.0% percent of the highest peak. Protein quantitative ratios were calculated as the median of all peptide ratios. Standard deviations were calculated as the interquartile range around the median. Quantitative rat ios were Log 2 normalized for final quantitative testing. For each identified protein, associated gene ontology terms were automatically fetched from NCBI by Scaffold software and plotted with respect to enrichment.
Results
Proteomic Signature During Germination and Growth
Upon addition of conidia to rich media, they begin uptake of water, swell at 4 hours, and establish a germ tube at 8 hours; full hyphal branching is evident at 16 hours ( Figure 1 ).
To establish the proteomic changes at these critical stages, the system of gel-free isobaric tagging for relative and absolute quantitation (iTRAQ) was used. The iTRAQ system was able to identify a total of 461 proteins with 231 of these being identified with high confidence (2 different peptides derived from a given protein with a confidence of 95% and protein identification of at least 99%). Only high confidence proteins were used for downstream analysis.
A total of 10 proteins were shown to decrease at least 2-fold at 4, 8, and 16 hours.
These proteins include abr2, the hydrophobin rodA, heat shock protein hsp30/hsp42, the copper-zinc superoxide dismutase sodC, as well as a putative carboxylase and a putative protein (Table 1) . The abr2 protein decreased by 10.2 fold at 4 hours, 25.2 fold at 8 hours and 24.3 fold at 16 hours compared with T0. A total of 12 proteins decreased at least 2-fold in 2 of the 3 time points tested. These include a putative decarboxylase which decreased 2.5-fold at 4 hours and 6.8-fold at 8 hours, transaldolase which decreased 2.6-fold at T4 and 2.7 fold at T8, adenosine kinase which decreased 2.3-fold at T8 and 2.0-fold at T16, GatA which decreased 2.7-fold at T8 and 3.8-fold at T16 along with 1 putative uncharacterized protein (Table 1) . Another subset of 24 proteins decreased 2-fold or greater at only a single time point. These include the nucleolin protein Nsr1 which was not significantly changed at 4 or 8 hours compared to conidia, but showed at 3.0-fold decrease at T16. The same pattern was seen for eEF-3 with a decrease of 2.2-fold, ABC transporter Arb1 with a 2.2-fold decrease, and the RNA helicase ded1. Other proteins showed a significant decrease at T8 including glucose 6 phosphate isomerase at 2.3-fold decreasing, catalase-peroxidase katG decreasing 2.9-fold, protein disulfide isomerase pdi1 at 3.0-fold decreasing, and the actin cytoskeleton protein Vip1 decreasing 4.0-fold at T8. There was also a putative uncharacterized protein (AFUA_6G10450) that showed a decrease of 3.7-fold at the T8 time point (Table   1) . No proteins in the current study showed a decrease at only the 4 hour time point.
A total of 24 proteins showed an increase of 2-fold or greater over the time course (Table 1) . However, only 1 protein showed an increase of greater than 2-fold at all 3 time points tested, the RAN-specific GTPase activating protein 1. This protein increased 2.1-fold at 4 hours, 2.1-fold at 8 hours, and 2.5-fold at 16 hours.
Some proteins such as fpr4 showed a biphasic increase of 2.1-fold at T8 and a decrease of 2.4-fold at T16. Other proteins such as the phosphoenolpyruvate carboxykinase AcuF decreased 2.3-fold at T8 with an increase of 2.4-fold at T16. One putative uncharacterized protein (AFUA_5G14680) showed a similar pattern with a decrease of 2.9-fold at T8 and an increase of 2.1-fold at T16 (Table 1) .
Genomic Changes
Microarray analysis was performed in parallel to test differences in gene expression between cells at T0 vs. T8 as well as T0 vs. T16. A total of 1871 genes were found to have significant changes in expression (2.0-fold or greater) at 8 hours compared to conidia (Supplementary Table S1 ). Of these genes, 1001 were up-regulated and 870
were down-regulated. The gene with the most dramatic decrease was the ComA domain protein with a decrease of 153.7 fold. Three other genes including a monosaccharide transporter, a hypothetical protein (AFUA_6G12000) and an alcohol dehydrogenase all had decreases in fold change greater than 100 (Table 2 and   Supplementary Table S1 ). The largest changes in up-regulation were seen in HEX1
Early Development A. fumigatus proteome profile 13 with a fold change of 34.2 and c-4 methyl sterol oxidase with an increase of 29.6-fold (Table 2 and Supplementary Table S1 ). Gene Ontology information indicated that the favored biological processes for the 870 genes that decreased included fatty acid β-oxidation, fatty acid catabolism, autophagy, and the hyperosmotic response. Their localization is likely to be in the peroxisomal matrix or membrane and the molecular function is involved in zinc ion binding, RNA polymerase II transcription factor activity, or two component sensor activity (Supplementary Table S2 ). Of the 1001 genes that increased the most dominant biological process induced is translation involving both the large and small cytosolic ribosomal subunits (Supplementary Table S3 ).
The number of genes with significant changes at 16 hours was 1235 with 855 increasing and 380 decreasing. The gene with the largest decrease between the two time points was isocitrate lyase with a decrease of 172.8-fold. This was followed by a hypothetical protein (AFUA_1G01490) with a decrease of 158.5-fold, cytochrome P450 monooxygenase with a decrease of 150.8-fold, and the same monosaccharide transporter as T8 with a decrease of 142.0-fold. A total of 8 genes had decreased fold changes greater than 100 (Table 2 and Supplementary Table S4 (Table 2 and Supplementary Table S4 ).
The gene ontology information obtained for the 380 decreasing genes indicates that the favored biological process is again fatty acid β-oxidation as well as N-acetylglucosamine catabolism. The cellular component for these processes is the peroxisome and the peroxisomal matrix with the favored molecular function being electron transporter activity (Supplementary Table S5 ). For the 855 increasing genes, the most highly favored biological process is still translation along with ATP synthesis coupled proton transport as well as mitochondrial electron transport. These indicate a large push towards ATP generation through the electron transport chain (Supplementary Table   S6 ).
Proteomic/Genomic Comparison
A total of 231 proteins were identified with high confidence using the gel-free system of (Table 3 and Supplementary Table S7 ).
These include heat shock proteins Hsp30/Hsp42 with a decrease in protein level by 28.6-fold and a decrease in gene level by 25.5-fold. Glutamine synthetase had a small change in protein level (down 3.5-fold) but a large change in gene expression level (down 20.6 fold). Of the 17 proteins that showed significant increases at 8 hours, 16
were also identified as significantly increasing by microarray (Table 3 and Supplementary increase of 2.6-fold, but the gene was not detected above baseline in the final analysis.
Discussion
The Aspergillus fumigatus proteome is complex and highly dynamic during the early stages of development following conidial germination. A classical 2D gel approach to evaluate changes in the proteome during early development suffers from an inherent lack of sensitivity. This issue was seen with the mapping of the proteome of conidia by
Teutschbein et al. [18] in which one 2D gel was unable to resolve all protein spots. To increase the relative resolving power this group used 2D gels with narrow pI ranges, but this lead to many spots being identified multiple times. To circumvent these problems and improve resolution, a gel-free system of iTRAQ was used to identify 461 proteins, more than Tuetschbein et al., along with quantitative measurements of the protein amount over several time points, which is unique to this study. The time points chosen for this study were selected because they are at critical early development stages for the cell including the swelling of conidia, the formation of a germ tube and a culture that has become more mature. These developmental stages elicit protein signatures that down-regulated also shows that the synthesis of fatty acids is a critical early process at this time suggesting that they may be possible biomarker or antifungal targets. At T16, similar trends are shown with the data indicating that translation is still very active as is fatty acid synthesis. N-acetylglucosamine synthesis is also up-regulated, which is consistent with chitin being integrated into the rapidly expanding cell wall for structural integrity. One previous study also looked at the changes in expression during the exit from dormancy of spores, and although a full microarray was not used many of the results and consistent with our data [8] . The study by Lamarre et al.
[8] used time points earlier than those chosen in the current study (8 and 16 hours in the current study vs. 30, 60, and 90 minutes post inoculation in the previous study). In that study, an array of 3,000 genes was utilized compared to our full genome microarray with over 9,000 genes represented. It was reported that the processes of protein, amino acid, and protein complex synthesis as well as ribosome biogenesis are increasing consistent with our microarray indicating that translation is the favored biological process during early development.
Another process found to be up-regulated in the current study was that of aerobic respiration. The GO information at 8 hours demonstrated that 15 genes identified were involved in this process including 3 subunits of the cytochrome C oxidase complex along with mitochondrial large ribosomal proteins. This is in agreement with previous studies that demonstrate that the process of aerobic respiration is required for A.
fumigatus growth [31]. This process was also shown to be up-regulated by microarray at 16 hours demonstrating that aerobic respiration is still active during mature cultures with 3 subunits of the cytochrome C oxidase family increasing by at least 7.6-fold. The ubiquinol-cytochrome C reductase complex also had 5 members increased at 16 hours.
Validation of Findings
As a way to help validate the proteomic findings in this study, we have compared recent proteomic findings from a study involving inhibition of cell growth with the echinocandin drug caspofungin [22] . When caspofungin is added to a culture of A.
fumigatus, it acts as a fungistatic agent, only allowing the formation of "rosette structures" [22] . Therefore if a certain protein decreases in the presence of caspofungin and increases during normal development, the caspofungin data can serve as an Overall, the current study provides the most comprehensive proteomic and genomic signature of Aspergillus fumigatus during germination and early development, which contributes to the overall understanding of this human pathogen. The results discovered in this study can impact the fields of fungal development, antifungal drug discovery, biomarker assessment as well as Aspergillus pathogenesis. These processes may be used for the discovery and assessment of novel biomarkers of active infection, as well as possible new therapeutic targets. It also reveals a pathogen that is gearing up for rapid growth by building translation machinery, generating ATP, and is very much committed to aerobic metabolism.
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